Abstract. This paper approaches the interleaved boost converter (IBC) for photovoltaic systems (PVS) with efficiency control. The purpose of this converter is to transfer the low DC PV voltage to a high DC voltage at its output. The low output voltage ripple and especially the low input current ripple (for MPPT) are analyzed, verified and compared to N cell IBCs. To improve the efficiency of the IBC, the control decides how many commutation cells are used, in relation to the actual power. This paper also shows to determine the critical PV current needed to work in continuous conduction mode. Finally, a dual IBC is experimental tested to verify the theoretically approaches.
Introduction
The worldwide endeavor of states to supply their population and industry with renewable energy (RE) had a big compact to the renewable energy sources like wind craft, photovoltaic (PV) and Fuel Cell (FC). These RE sources don't emit pollution, and can be used as a decentralized supply system. The electric energy of these sources can't be injected directly in the national energy grid, so it is necessary to process and appropriate that voltages and currents. In the case of the PV panel, the output is a DC voltage with current source characteristics [1] . When the PV system is used local and not injecting energy to the grid, a voltage controlled converter is charging a link of batteries. For grid connected sources a frequency converter has to be added in series. The converter has to control the Maximum Power Point (MPP). In many cases the duty cycle is adjusted like the Maximum Power Point Tracker (MPPT). Almost every MPPT technique requires a low input current and voltage ripple to work appropriately. The literature shows that an interleaved technique is a good way to reduce the current ripple coming from the PV system [2] . The merits of the use of interleaved technology is not only the lower input current ripple, but also a lower output voltage ripple, which can be used to reduce the DC link capacitors [2] . Many works have focused the interleaved boost converter (IBC) in relation of current and voltage ripple, efficiency analyzing, simplification of small signal model, coupling and decoupling inductances [2] , [3] . This paper is focused in the analysis of the current and voltage ripple, control of efficiency and application on a PV system of 1890Wp. Fig. 1 shows the proposed IBC with four commutation cells. In this work the DC link voltage is not controlled, so it varies with the duty cycle in relation to the MPPT. 
Analysis of the input current and output voltage ripple

A. Analysis of the Input Current
The IBC's voltage and current waveforms are similar to the conventional boost converter. The difference lay in the input current and output voltage ripple. Because of the N times commutation cells in parallel, the input current and output current work with a frequency N times the switching frequency, where N is the number of cells in parallel. The time when the switches begin to share the input current occurs in the same time of the duty cycle of the operation part is arrived, and ends at a theoretically duty cycle equal 1.
During the ON state of switch, the rising slope is expressed as follows in (1).
The OFF state has as consequence the falling slope of the inductor current, how is shown in (2) .
A raise of D causes a decrease of the PV voltage, so the static gain of the boost is to be valid.
The PV source is considered as a current source. So the change of the duty cycle has theoretically no effect on the modulus of the input current. Like this, the input current ripple is calculated similarly as with constant output voltage [1] . With this information it is possible to deduce the input current ripple. The input current is the sum of
The value of the input current ripple is divided in four parts, and depends on the duty cycle. The first part is from
and so on. To get the ripple in relation to the duty cycle are used equations (1), (2), (3) and (4).
The equations (5), (6), (7) and (8) are used to make the input current ripple calculation for each part of operation, depending on the duty cycle condition. To transform (5) 
With these equations it is possible to obtain a relation between input current ripple and duty cycle, like shown in Fig. 3 . In this figure the red line represents the ripple of a boost converter with only one switch; the green line represents an IBC with two switches; the blue line represents an IBC with three switches and the yellow line represents an IBC with four switches. It can be seen that using an IBC with two switches the input current ripple reduces to the half value of using only one switch. In the same manner, using a four switches IBC the input current ripple will be reduced for a quarter in comparison to the only one switch boost converter. Fig. 3 . Input current ripple in relation to the duty cycle for one, two, three and four switches boost converter.
B. Analyze of the output voltage ripple
The lifetime of an electrolytic capacitor is related to the current ripple over itself. So an objective of this work is to minimize the capacitor current ripple. The IBC has minimized also the capacitor current. Similarly to the input current the output current of the inductances, is the sum of the inductance currents. The capacitor current can be calculated with (10). conducting their energies to the output, the minimum ripple will be obtained. The average inductor current is given by (12) and (13) expresses the area above 
Design of the dual IBC and its control
A. CCM Critical Current
Because this paper presents a dual IBC in CCM, it is necessary to define the worst irradiation and temperature condition. The inductance current cannot be zero in the CCM. Equation (15) shows the minimal current, for the worst condition. In the dual IBC the inductance current is half the input current from the PV source. Because the PV can be considered as a current source, the highest ripple over the inductance, with constant output voltage and constant input current, occurs when the duty cycle is at its highest value. From (16) it already can be seen that for the dual IBC.
Insert equation (17) into (16) it is possible to calculate the minimal PV current for a given D to secure CCM. The duty cycle depends on the temperature for a constant output voltage and constant input current.
In general form it can be used (19) to calculate the critical current (irradiance) or critical inductance needed to work in CCM.
To raise the efficiency in lower power condition, the control of the converter will switch off one or several commutation cells on lower powers. In this case it is possible to work with lower irradiance condition, because the inductance current will not have to share the PV current. For this objective it is necessary to determine the actual possible power from the PV source. For this objective there will be two current sensors (LTSR-15NP) to measure the inductance currents. Another benefit of the current sensors is to equilibrate the inductance currents.
B. Design of the proposed converter
Following the analysis presented in Section 2, a 1900W dual IBC with appropriate control was chosen to verify the considerations in this paper. The source is presented by 14 PV modules connected in series, which ends with STC in 247.8V and 7.67A at its output. The MPPT works based on a temperature control algorithm.
In Figure 6 it can be seen the whole system to verify the theoretical considerations in this work. It is a first prototype and it was mounted as a modular system to facilitate transportation and modifications in the hardware. 
Experimental results
The following experimental results verify in parts the theoretically developed conclusions. Figure 7 shows the signal switch commands and the inductor currents, it can be seen the displacement between the signals and currents respectively and that in this condition no overlapping occur (D=0.3). Figure 8 shows the input and output currents and voltages. This figure shows the efficiency of the dual IBC: input and output voltages and currents with very small ripple. In Fig. 8 signal 1 represents the output current (dark blue), signal 2 represents the input voltage (light blue), signal 3 represents the input current (magenta) and signal 4 represents the output voltage (green). Figure 9 presents the output current before and after the link capacitor, showing the effectiveness of the filtering. Figure 10 shows the signal switch commands and the inductor currents for D=0.66, showing that an overlapping occurs in this condition. Figure 11 presents the output current before and after the link capacitor for D=0.66. Figures 12 and 13 show the input and output currents and voltages and input power waveforms for the IBC operating with one and two active switches respectively. The input current benefits from the use of two active switches and the ripple is remarkable lower. The efficiency obtained for one switch operation was and for two switches was using the same level of power (
). These results demonstrate that independent of the number of switches the efficiency is the same and it is not necessary to shut down any MOSFET when the IBC is in lower power operation. Input and output currents and voltages and output power using only one active switch.
Conclusion
Some tests of the dual IBC verify the fact that the overlapping of the inductance currents depend on the operation part. During a duty cycle of D=0.3 there is no overlapping and during D=0.66 the current overlaps at the end and begin of a turn-on cycle. The effectiveness of the converter for one or two active switches is not differenced sufficient to be remarked in this paper. The experimental results show that the current are shared between the two cells used in this work. The input current variation and the output voltage variation diminish with the increase of cell number used for the IBC.
